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ABSTRACT
The population density of the United States has more than tripled over the last
century causing increased urbanization and greater anthropogenic influences in previously
rural watersheds. Urbanization leads to increased impervious surfaces and the compaction of
soils, both of which combine to reduce infiltration rates. Reduced baseflow can directly limit
water availability for approximately half the U.S. population that depends on surficial waters
for their drinking water. This project empirically investigated the baseflow-urbanization
relationship on a geographic and temporal scale that has not been previously investigated.
USGS river gage data in 11 eastern U.S. states (NY south of the Adirondacks, CT, NJ, PA,
DE, MD, ME, VA, NC, SC, and GA) were used to examine the effects of urbanization on
baseflow. Gage selection was based on the following criteria: continuous record (>25 years),
unregulated, and a drainage area < 1,000 km2 (400mi2). Three metrics of annual baseflow
were used; 1) baseflow per unit drainage area (BF), 2) ratio of BF to precipitation (BF/P), and
3) and BF as a fraction of total flow (BF/TF). Using population density as a proxy for
urbanization, fixed effect models were used to determine the baseflow-population density
relationship. Watershed geomorphic characteristics such as topography and associated soil
properties were found to have an impact on stream baseflow. Statistical analysis revealed
generally positive correlations between baseflow and population in the Appalachian Province
while the Coastal Plain showed decreasing baseflow with increased population density. I
hypothesize that the Coastal Plain, with its flatter slopes and more permeable soils, suffers
greater infiltration losses than gains from urban recharge, resulting in lower baseflow. The
Appalachians have the reverse, with an increase in urbanization causing an increase in
baseflow. These results will provide water managers with a way to assess the threat that
urbanization poses to dry-weather water availability.
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1. INTRODUCTION
Approximately half o f the United States population depends on surficial
water sources, such as streams, lakes and reservoirs for their drinking water (EPA,
2006). Annual baseflow is an important metric for minimal stream flows and is a
critical metric for water resources, wildlife interests, and groundwater
connectivity. Baseflow is the portion o f river discharge primarily supported
through groundwater and shallow subsurface flows. Insufficient baseflow yield
during dry weather can pose a threat to water availability as well as negatively
affect stream biota and ecology. Theoretically, urbanization resulting in increased
impervious surfaces and decreased infiltration will cause a decrease in baseflow,
threatening water availability for roughly half the U.S. population (Leopold,
1968). However, urbanization increases anthropogenic recharge through leaky
water distribution and collection systems, and previous studies (e.g., Roy et al.,
2009) have been unable to determine the overall effect o f urbanization.
This project investigated how urbanization impacted stream baseflow by
conducting a large-scale spatial and temporal, empirically-based investigation into
the urbanization-baseflow relationship. Using watersheds o f the eastern United
States, this project statistically analyzed United States Geological Survey
(USGS)stream gages in 11 states (Maine, Connecticut, New York, New Jersey,
Pennsylvania, Delaware, Maryland, Virginia, North Carolina, South Carolina, and
Georgia) that share similar physiographic provinces (Figure 1).USGS stream
discharge records and U.S. Census Bureau records provide a readily available and
historically continuous dataset that were used to investigate the dynamic nature o f
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the urbanization-baseflow relationship.
By examining baseflow at the physiographic province scale, this study
takes a different and less-utilized approach to understanding the effects o f
urbanization on baseflow. Water supply managers and land use regulators can
utilize this information to help better understand the effects o f land development
and manage it accordingly, especially in rural and water supply watersheds.
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2. BACKGROUND
2.1. Urbanization
The population o f the United States has grown from 76 million in 1900 to
over 281 million in 2000. Over the last 100 years, the population density has more
than tripled on average with the northeastern U.S. far exceeding the densities o f
the other regions (Hobbs, 2002). In the United States, nearly 80% o f the
population resides in urban locations and this number is expected to increase
(Bums et al., 2005). It is important to consider the impact o f this population
growth on hydrologic systems.
Population growth and land development in historically rural watersheds
has led to increased impervious surface coverage. The impervious surface
coverage percentage is closely correlated with the population density in a
watershed (Stankowski, 1972, Graham, 1974, Hicks, 2000). Population density
will be used in this study to represent "urbanization" or impervious land cover.
While the natural environment can also consist o f impervious surfaces (e.g.,
bedrock surfaces, dense clays), increased human expansion and settlement have
radically changed the proportion o f impervious surfaces to undisturbed vegetated
areas.
The use o f population density for this project as a proxy for urbanization is
attractive as it provides a rapid technique for generating a quantitative estimation
of past impervious surface cover. Stankowski (1972) used county population data
from New Jersey and was able to closely correlate the relationship between
population density and the percentage o f impervious land cover. A population
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density o f 1760 persons/km approximately correlates to 10% imperviousness
land cover, while 3680 persons/km correlates to 15% and 6200 persons/km to
20% (Stankowski, 1972). Arnold and Gibbons (1996) suggests that “impervious
surfaces are synonymous with human presence”. Thresholds o f stream health
degradation and impervious surfaces are listed as such: protected (<10%),
impacted (10%-30%) and degraded (>30%)(Arnold and Gibbons, 1996).While
thresholds are controversial due to the infinite extent o f variables at individual
watersheds, Arnold and Gibbons (1996) conclude that stream degradation can
occur at relatively low levels o f imperviousness

2.2 Baseflow trends
Stream flow is composed of a combination o f groundwater discharge and
overland and saturated runoff produced by precipitation. During periods o f dry
weather and drought, with the absence o f overland runoff, groundwater reservoirs
provide the entire water contribution or baseflow to streams. Climate, geology,
slope, topography, vegetation, water withdrawals, soil type, and land use are
commonly considered the principal factors that affect stream baseflow. In an
undisturbed environment, permeable soils allow precipitation to infiltrate and
recharge the groundwater. Impervious surfaces created through the construction
o f roads and homes as well as compaction o f soils can prevent the infiltration o f
water into the soil. With an increase in urbanization in a watershed, one would
theoretically expect a decrease in infiltration and therefore a decrease in
groundwater recharge and baseflow. However, additional processes associated

with urbanization such as irrigation and leaking water pipes and storm/sanitary
sewers confound the connection between urbanization and baseflow by increasing
anthropogenic recharge (Garcia, 2006). The problem is that it is not clear if (and
to what degree) this theoretical linkage between urbanization and decreased
baseflow actually exists in the real world.
Trends in baseflow have been broadly studied and have been associated
with a variety o f sources both natural and anthropogenic in nature such as such as
climate change and increased impervious surfaces. Arnold and Gibbons (1996)
stated that as urbanization increases, "the volume and velocity o f surface runoff
increases, erosion rates increase, stream turbidity increases, infiltration
and ground water recharge decreases, water tables drop, fluctuations in water
temperature increase, streams become more intermittent, and flooding
increases.” Most studies encompass single watersheds, smaller target areas, and
therefore present localized trends in baseflow. Classical literature by Leopold
(1968) and Spinello (1992) argued that increased imperviousness surfaces have a
propensity to drastically reduce baseflow. Prior to urbanization, streams on the
south shore o f Long Island derived approximately 95% o f total streamflow from
baseflow (Spinello, 1992). With the urbanization o f Long Island from rural
farmland to a predominately-dense suburban landscape, streams in heavily
urbanized areas o f Nassau County had their baseflow contribution reduced to
roughly 14%of the total stream flow, an 85% difference (Spinello, 1992). More
recently, Rose (2001) and Brun (2000) have built upon this construct and have
examined the baseflow-urbanization trends in watersheds in the southern United
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States to similar results. Rose (2001) compared a highly urbanized stream to less
urbanized and rural streams in the proximity o f Atlanta, Georgia where baseflow
declines o f up to 30% are accredited to increased impervious surfaces. Roy et al.
(2009) found similar decreases in river baseflow with increased urbanization.
While these results are compelling, urbanization’s effect on baseflow is not
systematically consistent throughout existing literature. Both inconclusive
(Konrad and Booth, 2002, Meyer, 2005, Brandes, 2005) and baseflow gains
(Lemer, 2002, Garcia, 2006, White and Greer, 2006) have been found in related
studies on the baseflow-urbanization relationship.
A significant component affecting baseflow trends in urbanizing
environments is urban recharge (Meyer, 2005, Garcia, 2006), which can
counteract the effect o f increased impervious surfaces. Garcia (2006) examined
streams in the vicinity of Austin, Texas and found increased levels o f
groundwater recharge and baseflow in correlation to increased urbanization.
Garcia associated the increase in baseflow to forms o f recharge commonly found
in urban areas such as direct recharge, high utility leakage rates, and excess
irrigation in public and private parks and yards. Most urban centers and growing
towns import water to satisfy the public and industrial demand for water. The
leakage from these underground water utility pipes can supply ample recharge to
the groundwater and are often undetected. Leaking water systems can create an
artificially increased recharge system that can change the natural seasonal
fluctuations o f baseflow and negate the effects o f increased impervious surface
area on groundwater recharge (Bums et al., 2005).The main sources o f
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groundwater recharge in urban settings are precipitation and water
supply/removal (e.g., storm sewer) systems (Lemer, 2002). While the surface in
urban areas often has low permeability values that decrease direct infiltration, the
resulting runoff is tunneled into an assortment o f sewer systems and detention
basins for removal. This runoff then has the ability to actively migrate to the
water table through leakage commonly found in storm sewers. Once water has
penetrated through a defect in the pipes or a fracture in a low permeable surface, it
can flow laterally and vertically to the groundwater. Average water main loss
values are approximately 16% in the United States and upwards o f 60% in
developing countries (Table 2, Garcia, 2006). The staggering leakage rate o f 80%
is occurring in some antiquated Italian water systems (Table 2, Garcia, 2006).
This large influx o f groundwater recharge through leakage is often significantly
greater than recharge from precipitation and it is seasonally consistent.
Historically rural and urbanizing watersheds typically depend on private
septic-systems to control waste output. An onsite septic system functions by
separating solids into a holding or septic tank and allowing the effluent to
discharge into a leach-field where the wastewater percolates through the soil
(Landers, 2008). Approximately 90% o f the wastewater used in the septic tank is
ultimately applied as a net addition to groundwater recharge in the water balance
(Garcia, 2006). In a rural community, the groundwater addition from septic
systems is minimal. As population increases over time, the accumulation o f
densely packed septic-systems can impact the quality and quantity o f the
groundwater and have a direct influence on baseflow. Landers (2008) states that
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the baseflow yield is likely to be significantly higher in watersheds with high
densities o f onsite septic systems. Much like water main leakage in urbanized
areas, septic effluent acts as artificial recharge systems which can have a direct
impact on baseflow.

2.3. Regional Geology
The study gages, located in the eastern U.S., were grouped into four
physiographic provinces which equate to similar bedrock geology and surface
topography (Figure 1). These groupings are essential as the effect o f urbanization
on baseflow may be mitigated or amplified by surface topography and/or geology
(Konrad and Booth, 2002). The selected stream gages were categorized by
physiographic province to both minimize intra-group variability as well as
emphasize how the baseflow-urbanization relationship reacts to particular
geologic and géomorphologie influences. While each physiographic region is
diverse and complex, the grouping o f the gages for statistical analysis can identify
larger scale regional differences in flow characteristics. The selected
physiographic provinces are 1) the Coastal Plain, 2) Piedmont, 3) New England,
and 4) the Appalachians (a grouping o f the Appalachian Plateau, Valley and
Ridge, Blue Ridge provinces).
Broadly speaking, the Coastal Plain is characterized by low topographic
relief that gently slopes towards the east and the Atlantic Ocean (Figures land 2).
The Coastal Plain is primarily composed o f unconsolidated sediments consisting
o f marine sands, clays, gravels, and marls overlain by fluvial deposits. The soils
o f the Coastal Plain are generally younger and sandier to the east and older and

more clay-rich to the west, and they are generally more uniform in comparison to
the neighboring Piedmont (Daniels, 2006).Coastal Plain soils typically range from
2 to 8m thick and contain high sand content throughout. Infiltration rates for
Coastal Plain soils are typically higher (13-28 cm/h) than those o f Piedmont soils
(Markwich, 1990). Unconsolidated quartz sand may exceed infiltration rates o f 50
cm/h (Markwich, 1990).In the Coastal Plain, precipitation moves directly from
the soil into the parent material through intergranular pores with only minor
channelization along macro pores, joints, and fractures. The relatively high
infiltration capacity o f the Coastal Plain soils creates comparatively lower surface
runoff and erosion then Piedmont province (Markwich, 1990).
Between the Appalachian Mountains and the Coastal Plain, the older,
more resistant rocks o f the Piedmont form a gently-sloping, dissected plateau. The
Piedmont province is excluded from the "Appalachian" grouping in this study due
to its gently rolling topography (Figures 1 and 2), lower slopes, and different
bedrock lithology. The Piedmont is underlain by weathered igneous and
metamorphic rocks, typically Precambrian in age, with shallow rocky soils. Soils
in the Piedmont are typically < lm thick and contain greater percentages o f clay
than coastal plain soils (Daniels, 2006). Water movement occurs from soil into
saprolite and from saprolite to rock while the subsurface flow occurs along joints,
foliation, bedding planes and faults. Average infiltration rates for the Piedmont
are 6-15cm/h (Markwich, 1990).
The Appalachian Region (Appalachian Plateau, Valley and Ridge and
Blue Ridge provinces) is categorized by numerous valleys, steep mountainous
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ridges within soils and is located to the west o f the Piedmont province (Figure 2).
The Valley and Ridge is underlain by the same sequence o f unmetamorphosed
Paleozoic sedimentary rocks that are found in the Appalachian Plateau and have
been folded into synclines and anticlines generally separated by thrust faults
(Daniels, 2006, Hatcher, 1990).The metamorphosed rocks in the Blue Ridge
cannot be directly connected with the Paleozoic North American passive margin
strata in the Appalachian Plateau and Valley and Ridge due to differences in
lithology and an unconformity, but its similar surface topography, soil type and
adjacent proximity to the Piedmont provides ample similarities to group it with
the Appalachian Region (Hatcher, 1990). Typical infiltration rates in the
Appalachian Region ranges from 1.6 to 11.7 cm/h (Harden, 2003). Higher
infiltration rates can be found in valleys with deeper soils. The sedimentary rocks
o f the Blue Ridge, Valley and Ridge, and Appalachian Plateau Provinces yield
small to moderate supplies o f groundwater with localized variability (Seber,
1988).
The fourth physiographic province is the New England Province, which is
a glacially-modified northward extension o f the Appalachians (Figures 1 and 3).
Most of the surficial sediments across New England are a result o f extensive
glaciation, with till being the most widely distributed glacial deposit (Flanagan et
al, 1999). Unconsolidated glacial deposits o f till and stratified drift overlie
fractured crystalline bedrock and complexly deformed granites, schist, gneiss and
slates throughout the province. With great physiographic complexity ranging from
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dissected plateaus with narrow valleys to steep mountainous terrain, the soils and
hydrology differ dramatically (Flanagan et al, 1999).
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3. METHODS
3.1. Gage Criteria
We empirically investigated the relationship between urbanization and
stream baseflow by utilizing historical stream discharge records. The stream gage
data was gathered from streams in 11 eastern states (ME, NY below the
Adirondacks, CT, NJ, PA, DE, MD, VA, NC, SC and GA). Historical stream gage
data was collected from the records o f the United States Geological Survey
(USGS) National Water Information System under the criteria that the data was
continuous for 25 years or more, the river unregulated, and had a watershed
drainage area less than or equal to 1000 km2 (400mi2). Conrad and Booth (2002)
and Brandes (2005) suggest a minimum o f 25 years to distinguish from variation
associated with short-term trends and that o f long-term changes in baseflow. A
cutoff o f 1000 km was selected for each contributing watershed due to the
difficulty in accurately accounting for and separating the many influences to
baseflow and total flow on larger rivers. Regulated watersheds often have altered
flow regimes so it was important to identify streams that are not downstream o f
any sizeable dams and reservoirs. Human impacts on discharge can mask natural
fluctuations on stream flow (e.g., minimum flow requirements downstream o f a
reservoir). Unregulated streams were determined through research o f specific
gages and watersheds such as
(http://nj.usgs.gov/hazards/drought/duration_plots/unregulated.html) as well as
the evaluation of satellite and topographic imagery upstream o f identified stream
gages (Figure 4). The availability o f continuous discharge data as well as
extensive lengths o f record resulted in the selection o f 13 gages from each
12

physiographic region that comprised the study area, totaling 52 gages (Table 1,
Figure 1).

3.2. Digital baseflow separation
USGS stream gages that satisfied the study criteria had their baseflow
separated from total flow. Baseflow separation is important for obtaining critical
parameters for hydrological analysis. As measuring the baseflow component
directly is complicated, a variety of analytical and empirical baseflow separation
methods have been developed. The method selected for this study is the Eckhardt
filter which is widely used in hydrological modeling and is both automated and
reproducible (Eckhardt, 2005, Gonzales, 2009). Historical daily discharge records
for each gage were separated into totalflow and baseflow using a web
implementation o f the Eckhardt digital filter (Lim et al., 2005, Eckhardt, 2005).
The filter is designed to separate high frequency signals from low frequency
signals in a hydrograph. In hydrology, the digital filtering works on the principle
that high frequency waves are associated with runoff and low frequency waves
are associated with baseflow (Lim et al, 2005). The digital filter algorithm
(Eckhardt, 2005) used to separate the runoff and baseflow in this study is shown
below.

=

- J3)x a x bt_x + ( \ - a ) x f i x Q t
\ - a x J3

where,
a=filter parameter 1
(3= filter parameter 2
bt =filtered baseflow at the t time step
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¿ ^ f ilte r e d baseflow at the t- 1 time step.
Qt = total streamflow at the t time step

Eckhardt digital filter baseflow results have been found to be in close
agreement with manually derived baseflow and are both constant and
reproducible (Lim et al., 2005). The Web-based Hydrograph Analysis Tool
(WHAT) was used to expedite the digital filtering process o f baseflow separation.
WHAT(engineering.purdue.edu/~what/) automatically retrieves streamflow data
from the USGS data server and runs the Eckhardt digital filter. Utilizing WHAT,
a daily time series o f baseflow and total flow was compiled and aggregated into
an annual (water year) mean baseflow and total mean flow respectively. The
water year is defined as the 12-month period from October 1 through September
30 o f the following year, according to standard practice.

3.3. Watershed Delineation & Historical Parameters
The watershed area was delineated for each stream gage using a
geographic information system (GIS) and available digital elevation models
(DEM). A 10m digital elevation model was acquired from the USGS
(seamless.server.gov) and the flow direction and flow accumulation analyses in
ArcGIS (v.9.3, ESRI, Redlands, CA) was modeled for each selected USGS stream
gage. Watersheds for the selected gages were delineated using pour points and the
watershed command in ArcGIS. Utilizing the delineated watershed area, historical
county census records and precipitation were collected for each stream gage.
Census population records are readily available by county from 1900-2010
14

through the U.S. Census Bureau. The population density was calculated from U.S.
census county population data and watershed area to create a historical time series
for each watershed. Population density records for watersheds that were found to
overlay more than one county boundary were calculated by using a weighted
mean o f the county population datasets. Percent imperviousness is often used for
analytical studies o f urbanization but is limited in availability, while population
density provided a readily available, continuous and appropriate substitute to
more complex and historically limited impervious surface data (Stankowski,
1972, Graham, 1974, Arnold and Gibbons, 1996, Hicks, 2000, Brandes, 2005).
Annual precipitation data for the period o f record was obtained from the
National Oceanic and Atmospheric Administration’s (NOAA) National Climatic
Data Center (NCDC) U.S. Climate Divisional Database for each stream gage
(Figure 5). The Climate Divisional Database is a historical, temporally and
spatially complete database from which to generate historical climate analyses
(1895 to the present) for the United States. The database is frequently used in
agricultural and hydrological applications and is generally representative o f the
divisional climatic conditions o f each stream gage used in this study (Karl, 1984,
Guttman, 1996). There are 344 climate divisions in the contiguous United States.
For each climate division, monthly station precipitation values are computed from
the daily recorded observations. Climate division values are computed using the
monthly values for all o f the Cooperative Observer Network (COOP) stations in
each division and are averaged to compute divisional monthly temperature and
precipitation averages/totals (Karl, 1984). As an example, New Jersey is divided
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into three climatic divisions (Northern, Southern and Coastal) (Figure 5, Figure
6). When compared to the annual average precipitation map (1961-1990) o f New
Jersey, it is easy to visualize the slight precipitation differences in the northern
and southern divisions o f the state (Figure 7). Collectively, these datasets were
used to create the climatic parameters o f the baseflow metrics as well as the proxy
for urbanization. While more localized precipitation gages exist adjacent to
several (but not all) USGS stream gages used in this study, the lack o f historically
continuous data prevents them from fulfilling the gage criteria and/or limiting the
period o f record. In maintaining continuity between data sets and providing
extended periods o f historically continuous data (1895-present), the U.S. Climate
Divisional Database was preferred.

3.4. Baseflow Metrics
Different baseflow metrics were used for their utility in identifying
statistically significant relationships. The three metrics o f annual baseflow used
are:
1) Baseflow per unit drainage area (BF, cm/yr): The annual baseflow
(m /yr) divided by the watershed drainage area (m ) converted to cm;
“normalized low-flow”.
2) Ratio of BF to precipitation (BF/P, unitless): The BF metric (cm/yr)
divided by annual precipitation (cm/yr); this is equivalent to the
percent o f precipitation converted to baseflow.
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3) BF as a fraction o f total flow (BF/TF, unitless): The baseflow (m3/yr)
divided by total flow (m3/yr); this is also known as the “baseflow
index”.

The three baseflow metrics utilize different approaches in their construction.
Baseflow per unit drainage area (BF) is a straight-forward metric that examines
the change in stream’s annual baseflow (normalized for drainage area) over time.
The BF/TF metric represents the ratio between the annual baseflow discharge and
the total annual stream discharge. This metric demonstrates the amount o f stream
flow that is occurring from runoff. A positive correlation with urbanization shows
baseflow is increasing as a fraction o f total flow. A negative correlation with
urbanization shows an increase in total flow and/or a diminished baseflow input
as a fraction o f total flow. To account for the effect o f varying precipitation and
climatic trends that may influence baseflow, precipitation normalized baseflow
(BF/P) metric was utilized. The three metrics have inherent variability and it is
important to utilize all three to identify baseflow trends and better understand
what the primary influence o f change and/or impact is.

3.5. Statistical analysis
Using population density as a proxy for urbanization, IBM SPSS Statistics
software (vl7.0) was used to run panel data fixed effect models to detect
statistically meaningful relationships between the baseflow metrics and
population density. Panel data analysis is a technique o f studying a particular
subject across multiple sites over a defined period o f time. With panel data, we
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observe repeated cross-sections o f the same individuals, i.e., annual baseflow
discharge records over 25 years. Potential unobserved heterogeneity is a form o f
omitted variables bias (Murray, 2006).Panel data regression minimizes bias
resulting from omitted variables by allowing individual years to have different
intercepts while optimizing slope (Allison, 2005, Murray, 2006, Wooldridge,
2002, Baltagi, 2001).
In the case o f this study, the panel or longitudinal data consists o f the
annual baseflow (metrics) data for each gage (13 per physiographic province)and
the population density over extended (>25 years) time periods which contain an
observation for each water year. Fixed effects regressions are used to control
omitted (i.e., unstudied) variables that differ between watersheds but are constant,
or fixed, over time. When fixed effects are used to explore the relationship o f
baseflow and urbanization over time, we recognize that individual heterogeneity
such as climate (except for precipitation, which is included in BF/P), topography,
vegetation and localized geologic influences exists at each watershed that may
impact or bias the predictor outcome. To statistically control and measure all
variables within a watershed would be infinitely complex (Allison, 2005). When
we use fixed effects models to explore the relationship o f baseflow and
urbanization, unmeasured values are considered constant in each watershed over
time, which allows one to control for the unmeasured variables listed above
(Murray, 2006, Allison, 2005, Wooldridge, 2002, Baltagi, 2001). For example,
the soil characteristics and soil depth between the watersheds vary, but as long as
those accumulated characteristics are constant (i.e., fixed) within a watershed (but
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are allowed to vary between watersheds) during this study period then the analysis
will take them into account. For example, as long as the soil thickness is relatively
constant during the studied time period, the inter-watershed variability is
accounted for. In summary, fixed effects allow control o f all possible
characteristics o f the watersheds in the study without directly measuring them due
to the fixed or omitted variables that will take on the same values each time we
observe each watershed.
The data was analyzed in linear and log-log space to mathematically
linearize any relationships. Log-log space allows for the possibility o f non-linear
relationships in the data, which allows for more statistical freedom. The equation
for the fixed effects models using the log-log (double log) model and SPSS is
given by:

Ln(Yit) = cii+ /?/ln(Xit)
Where,
a* = (i= l. . ..n) is the unknown intercept for each entity
Yit= the dependent variable, where i = entity and t = time.
Xjt= the independent variable, where i = entity and t = time
P\ = coefficient for independent variable

(Xj varies only by individual and is fixed over time, while Yit and Xjt varies across
both individual and time. A key characteristic o f fixed effects models is that each
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has a distinct intercept o f (Xj which includes all o f the unobserved
heterogeneity that is fixed over the length o f the panel data. Since the (Xi are fixed
across the watersheds, the unmeasured heterogeneity is the same every year
across the panel. Using the least squares dummy variable model, the panel model
has constant slopes but separate intercepts. This occurs as we use a dummy
variable to estimate intercepts for different groups (Murray, 2006).

When modified for the baseflow metrics and population density:
Linear equation:

BFit = (Xi+ y?; (PopDenSit)
Double log equation:

Ln(BFit) = a{+ /?yln(PopDenSit)
Where,
(Xj = ( i= l.. ..n) is the unknown variables in each watershed
BFit= baseflow metric, where i = watershed and t = year (annual data)
PopDensjt = population density o f the watershed
P\ = coefficient for population density

A change o f one percent in Population Density yields a percentage change in BF
o f /?. For example, a value o f +0.4 for ft means that for a 1 percent increase in
population density there is a corresponding increase in baseflow o f 0.4%. It
should be noted that extrapolating to extremes is mathematically possible but is
20

inadvisable, such as what would occur if “PopDensu” is 0. This would seem to be
the baseflow with 0 people, but given that none o f the studied watersheds had
population densities o f 0 this extrapolation would be scientifically unrealistic.
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4. RESULTS
Panel data fixed effects models were run for each metric (BF, BF/P, BF/T)
in order to determine significant relationships in the selected stream gages with
population density (Figure 1, Table 1). IBM SPSS Statistics (vl7.0) linear
regression analysis was carried out to obtain models describing the relationship
between the response variables (baseflow metrics) and the independent variables
(population density) to statistically investigate the Coastal Plain, Piedmont, New
England, and Appalachian stream gage groupings and determine physiographic
trends. We assume that a significance level greater than 95% (p<0.05) indicates a
change in baseflow behavior. Table 3 provides a summary o f the results from the
panel data fixed effects analysis that looked for trends in the baseflowurbanization relationship.

4.1 Appalachian
Significant results (>95% confidence level) from 13 unregulated streams
located in the Appalachian province are presented (Table 3). For the log-log
regression, the BF metric provided a significant result o f +0.159, indicating a
baseflow increase o f .159% for a 1% increase in population density (Figure 8).
The BF/P metric provided a significant result o f +. 107, indicating an increase o f
.107% for a 1% increase in population density. The logarithmic BF/TF metric
along with the linear BF, BF/P, and BF/TF metrics did provide statistically
significant findings for the Appalachian province.
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The mean length o f record was 48.9 years and the mean drainage area was
266.5 km for the Appalachian grouping. The Appalachian watersheds coincided
with the lowest range and mean population density o f the four physiographic
provinces at 294 and 61.2 people/km2, respectively (Figure 9). The significant
regional results show a general positive baseflow trend with an increase in
population density.

4.2 Coastal Plain
Significant results (>95% confidence interval) from the 13 unregulated
streams located in the Coastal Plain province are presented. For the log-log
regression, the log [BF/P] metric provided a significant result o f -0.078 indicating
a decrease o f 0.078% for a 1% increase in population density (Figure 10). The log
[BF/TF] metric provided a significant result o f -0.052, indicating a decrease o f
0.052% for a 1% increase in population density. The linear BF/TF metric
provided a significant result of-1.147E-5. The logarithmic BF metric along with
the linear BF and BF/P metrics did provide statistically significant findings for the
Coastal Plain province.
The mean length o f record was 45.5 years and the median drainage area
was 134.3 km2 for the Coastal Plain grouping. The Coastal Plain watersheds
coincided with the highest range and mean population density o f the four
physiographic provinces at 4014.6 and 669.0 people/km2, respectively (Figure 9).
The significant regional results show a general negative baseflow trend with an
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increase in population density.

4.3 New England
Significant results (>95% confidence interval) from 13 unregulated
streams located in the New England province are presented. For the log-log
regression, the log [BF] metric provided a significant result o f +0.112 indicating
an increase o f 0.112% for a 1% increase in population density. The linear BF
metric provided a significant result o f +0.0244, while the linear BF/TF metric
provided a significant result o f -8.229E-5. The logarithmic BF/P and BF/TF
metrics along with the linear BF/P metric did not provide statistically significant
findings for the New England province.
The mean length o f record was 49.7 years and the median drainage area
was 289.4 km for the Coastal Plain grouping. The New England watersheds had
a population density range o f 794.1 and a mean population density o f 169.3
people/km2, respectively (Figure 9). The significant regional results show an
increase in baseflow per unit drainage area but a decrease in baseflow as a
fraction o f total flow.

4.4 Piedmont
Significant results (>95% confidence interval) from 13 unregulated
streams located in the Piedmont province are presented. For the log-log
regression, the BF/TF metric provided a significant result o f -0.082, indicating a
decrease o f 0.082% for a 1% increase in population density. The linear BF/TF
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metric provided a significant result o f

-1.975E-4. The logarithmic BF and BF/P

metrics along with the linear BF and BF/P metrics did not provide statistically
significant findings for the Piedmont province.
The mean length o f record was 48.5 years and the median drainage area
was 242.7 km2for the Coastal Plain grouping. The Piedmont watersheds had a
population density range o f 940.5 and a mean population density o f 183.7
people/km , respectively (Figure 9). The significant regional results show a
decrease in baseflow as a percentage o f total flow with an increase in population
density.

4.5 Total Gages
Significant results (>95% confidence interval) from 52 unregulated
streams located throughout the four physiographic provinces are presented. For
the log-log regression, the BF/TF metric provided a significant result o f -0.048,
indicating a decrease o f 0.048% for a 1% increase in population density. The
linear BF/TF metric provided a significant result o f -2.24E-5. The logarithmic BF
and BF/P metrics along with the linear BF and BF/P metrics did not provide
statistically significant findings for the total gage grouping.
The mean length o f record was 48.2 years and the median drainage area
was 233.8 km for the total gage grouping. The 52 watersheds had a population
density range o f 4023.4 and a mean population density o f 271.2 people/km2,
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respectively (Figure 9). The significant results from the 52 unregulated streams
show that baseflow as a fraction of total flow is generally decreasing.
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5. DISCUSSION
Urbanization leads to decreased infiltration but increased groundwater
contributions from urban recharge, with the net effect o f these influences varying
by physiographic province. Two significant drivers o f change are topography
(slope) and soils/geology (porosity/permeability) o f the watersheds with stark
contrasts occurring between the Coastal Plain and Appalachian provinces.
Topography is an extremely important control on hydrological processes and its
influence is most pronounced in high relief settings (Tetzlaff, 2009). Slope and
infiltration share an inverse relationship where infiltration rate decreases with
increasing slope angle (Fox, 1997). On a hillslope, the general infiltration vs.
runoff relationship is highly influenced by slope steepness as well as other factors
including infiltration capacity, intensity/frequency o f precipitation, and vegetation
(Schaetzl, 2005). When a soil’s saturation capacity is reached, its infiltration
capacity is essentially zero. Continued precipitation creates runoff conditions due
to the exceedance o f the infiltration capacity o f the soil. Soils on hillslopes
commonly have thinner, less developed soil profiles and are prone to runoff, as
these soils can quickly become saturated with excess precipitation. Slope
steepness also affects the rate at which water moves down slope with higher
velocities o f runoff occurring on steeper inclines (Schaetzl, 2005).The slope
significantly affects surface runoff generation when other watershed parameters
are constant (Haggard, 2005).
In the Piedmont province, overland flow or surface runoff is generally a
more significant contributor than baseflow to total stream flow due to topographic
and geologic influences (Daniels, 2006). In the Coastal Plain province, with equal
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precipitation, greater infiltration will occur on sandy, deeply weathered sediments
and soils with gentle slopes then on higher sloped areas with thin soils/bedrock
(i.e., the Appalachians). In areas o f the Coastal Plain, baseflow can contribute
upwards o f 80% o f total flow due to the permeable soils and shallow groundwater
tables (Daniels, 2006). In a rural environment with smaller amounts o f impervious
coverage and/ or water systems, the Appalachians with their thinner soils and
steeper slopes would have relatively less infiltration capacity than the Coastal
Plain. With its unconsolidated to semi-consolidated subsurface and low-sloped
topography, the Coastal Plain has higher infiltration rates and less runoff potential
than the steeper-sloped Appalachian/New England provinces (Harden, 2003,
Markwich, 1990). The Piedmont with its gently rolling topography would find
itself generally in the middle both geographically and geomorphically (i.e.,
infiltration and slope) between the mountainous Appalachian Province to the west
and the flatter Coastal Plain to the east (Markwich, 1990).
Infiltration o f most pavements is essentially zero, while compaction o f
soils can also have a dramatic effect on soil imperviousness (Horton, 1994). A
series o f infiltration tests were conducted on urban soils collected near
Birmingham and Mobile, Alabama to analyze the effects o f compaction on soil
infiltration (Pitt, 1999). Pitt found that predominately sandy soils were most
significantly affected by compaction in correlation to infiltration rates. Non¥
compacted sandy soils tested were found to have average infiltration rates o f 41.4
cm/h with compacted sandy soils having an average infiltration rate o f 6.4 cm/h,
an 84.54% reduction in infiltration (Pitt, 1999).The effect o f compaction on
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infiltration rates o f sandy soils in north-central Florida was measured by Gregory
(2006) and found average non-compacted infiltration rates ranged from 37.7 to
63.4 cm/hr for natural forest soils to 22.5 cm/hr for pasture sites. Average
infiltration rates on compacted soils for the same respective locations ranged from
0.8175 cm/hr to 2.3 cm/hr (Gregory, 2006). While the paving o f pervious surfaces
is highly detrimental to groundwater recharge, the compaction o f soils (common
in parks and residential areas) is also a source o f severe imperviousness reduction
(Garcia, 2006).
We propose that a significant interaction between slope, soil type, and
subsurface geology exists in each physiographic province that can alter
urbanizations effect on baseflow. Significant results for the higher sloped
provinces (Appalachian and New England) showed a general positive correlation
with an increase in population density while the lower sloped Coastal Plain
provided a general negative correlation (Table 4). The Coastal Plain experiences
decreased baseflow as increased impervious surfaces alter the natural regime o f
the watersheds to a greater extent. Increased runoff and lack o f infiltration in the
Coastal Plain is unequivocally dissimilar from the natural infiltration o f
precipitation by gravity through the low sloped, highly weathered, relatively
sandy soils. The Appalachian Province watersheds with their typically lower
infiltration rates and steeper slopes have increased baseflow due to urban recharge
as leaky water systems offset or even increase groundwater recharge. Analysis o f
all 52 stream gages showed a negative correlation for the [BF/TF] metric.
Baseflow as a fraction of total flow is decreasing with an increase in population
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density throughout the entire study area most likely due to the increase in
impervious and compacted surfaces.

6. SUMMARY AND CONCLUSION
This study has empirically investigated the baseflow-urbanization
relationship in a geographic and temporal scale that had not been previously
examined. Our results show that while localized variability certainly exists,
regional baseflow trends are occurring at the physiographic province scale with
increasing population density. With increased impervious surfaces and increased
water systems due to urbanization, all provinces gain recharge from the urban
recharge. All provinces also experience decreased infiltration and increased runoff
from additional impervious land cover. Our hypothesis states that the
Appalachians and New England provinces experience net baseflow gains as they
add more water through urban recharge than they lose from increased runoff. The
Coastal Plain is the opposite, as it has net water loses as the impervious surfaces
decrease infiltration to a larger degree than water that is added through urban
recharge. The Piedmont is in an intermediate/transitional zone in the baseflowurbanization relationship, which may in part be due to the gently sloping
topography.
Significant results for the Appalachian province had generally increasing
baseflow trends (Log-log metrics: BF: +0.159, BF/P: +1.07) with increasing
population density, while the Coastal Plain had mostly decreasing baseflow with
urbanization (Log-log metrics: BF/TF: -0.052, BF/P: -0.078 and Linear: BF/TF: 1.147E-5). Significant results for the New England province (Log-log metric: BF:
+0.112 and Linear: BF/TF: -8.229E-5) show that while baseflow per unit drainage
area is increasing, baseflow is decreasing (albeit minimally) as a fraction o f total
flow. Statistical analysis o f the 52 stream gages show that the percentage o f
31

baseflow contributing to total flow (Log-log: BF/TF: -0.048, Linear BF/TF: 2.24E-5) is decreasing with an increase in population density (more than likely
due to reduced infiltration). We suggest that the topographic and geologic
differences between the provinces are the drivers behind the observed differences
in the response o f stream baseflow to urbanization. Our results show that even
low level development can impact baseflow as seen when analyzing the
population density o f the Appalachians. It is possible that there are thresholds in
the urbanization of a watershed that can mitigate or amplify baseflow changes.
The Appalachian Province with its low variability may potentially behave
differently if it were to approach the larger population density means/range found
in the Coastal Plain.
With water transit systems losing on average 16% o f their water in transit
in the United States, water conservation practices must be examined particularly
in watersheds with net losses (Garcia, 2006). For cities and areas that do not
utilize groundwater for their water supply, the groundwater and stream
quantity/quality is still critical for the sustainability o f healthy ecosystems. The
results show promise in further addressing water resource issues and the
uncertainty o f urbanizations impact on baseflow in the eastern United States,
particularly in rural and water supply watersheds. By utilizing panel data fixed
effects models, the amount o f variables needed to identify these regional baseflow
trends is greatly reduced and readily available. Data needed to satisfy the
parameters o f the statistical analysis are readily available and can provide a
simplified and systematic technique for examining the urbanization-baseflow

32

relationship in a particular region. An understanding o f potential impacts o f future
land use changes (particularly, rural urbanization) are critical in addressing the
threat to surface water availability. With knowledge o f physiographic baseflow
trends, water supply managers and land-use planners may develop better land and
water management policies accordingly to protect surface water supply during
drought.
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8. APPENDIX: TABLES AND FIGURES

Figure 1. Physiographic Province and Stream Gage location map (See Table 1 for
explanation o f numbers). The four physiographic provinces used to group the study
gages are the Appalachian, Piedmont, Coastal Plain, and New England.
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Table 1. Master list o f United States Geological Survey (USGS) stream gages sorted by
physiographic province.

#

State

USGS
Gage#

1

GA

2206500

2

MD

1599000

3

NC

2111180

4

NC

3460000

5

NY

1350000

6

NY

1367500

7

PA

1440400

8

PA

1448500

9

PA

1450500

10

PA

1468500

11

VA

1615000

12

VA

2018500

13

VA

3478400

14

DE

1477800

15

DE

1484500

Gage Name
Yellow River
near
Snellville
Georges
Creek at
Franklin
Elk Creek at
Elkville
Cataloochee
Creek near
Cataloochee
Schoharie
Creek At
Prattsville
Rondout
Creek at
Rosendale
Brodhead
Creek near
Analomink
Dilldown
Creek near
Long Pond
Aquashicola
Creek at
Palmerton
Schulylkill
River at
Landingville
Opequon
Creek near
Berryville
Catawba
Creek near
Catawba
Beaver Creek
at Bristol
Shellpot
Creek at
Wilmington
Stockley
Branch at

Physiographic
Province

Length Drainage NCDC U.S.
Climatological
of
Area
(km2)
Division
Record
NC - North
Central

Appalachian

40

186.5

Appalachian

61

187.5

Appalachian

35

131.8

Appalachian

36

127.4

NC - South
Mountain

Appalachian

52

613.8

NY - Eastern
Plateau

Appalachian

61

992.0

NY - Hudson
Valley

Appalachian

41

170.7

PA - Pocono
Mtns

Appalachian

45

6.2

PA - Pocono
Mtns

Appalachian

61

198.7

PA - East
Central Mtns

Appalachian

51

344.5

PA - East
Central Mtns

Appalachian

53

150.7

VA - Northern

Appalachian

51

88.8

VA - Central
Mtns

Appalachian

41

69.7

VA - South
Western Mtns

Coastal Plain

54

19.3

DE - Nothem

Coastal Plain

41

10.5

DE - Southern

MDAppalachian
Mtns
NC - North
Mountain

40

Stockley
16

GA

2197600

17

GA

2213500

18

NJ

1477120

19

NJ

1464500

20

NY

1302500

21

NY

1303500

22

NY

1305000

23

NY

1306500

24

SC

2130900

25

SC

2135300

26

SC

2169570

27

CT

1118300

28

CT

1119500

29

CT

1186500

30

CT

1192500

31

CT

1196500

32

ME

1018000

Brushy Creek
near Wrens
Tobesofkee
Creek near
Macon
Raccoon
Creek near
Swedesboro
Crosswicks
Creek at
Extonville
Glen Cove
Creek at Glen
Cove
Cold Springs
Brook at Cold
Springs
Harbor
Carmans
River at
Yaphank
Connetquot
River new
Oakdale
Black Creek
near Mcbee
Scape ore
swamp near
Bishopville
Gills Creek at
Columbia
Pendleton
Hill Brook
near Clarks
Falls
Willimantic
River near
Coventry
Still River at
Robertsville
Hockanum
River near
East Hartford
Quinnipiac
River at
Wallingford
Meduxnekeag
River near

Coastal Plain

41

72.5

GA - Easter
Central

Coastal Plain

41

471.4

GA - Central

Coastal Plain

34

69.7

NJ - Southern

Coastal Plain

49

211.0

NJ - Southern

Coastal Plain

54

28.5

NY - Coastal

Coastal Plain

50

18.9

NY - Coastal

Coastal Plain

58

183.9

NY - Coastal

Coastal Plain

56

62.2

NY - Coastal

Coastal Plain

41

279.7

SC - Northeast

Coastal Plain

32

248.6

SC - Central

Coastal Plain

34

154.4

SC - Central

New England

42

10.4

CT - Central

New England

69

313.3

CT - Central

New England

52

220.1

CTNorthwest

New England

25
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Table 2. Water-main loss in various cities o f the world. Average water main loss values
are approximately 16% in the United States and can contribute substantial groundwater
recharge.

City

Water Main loss (%)

Hull, UK

5

Los Angeles, USA

6 -8

Hong Kong, China

8

San Antonio, USA

8.5

Evora, Portugal
Milan, Italy

8.5
10

Austin, USA

12

N. Auckland, NZ

12.3

Toronto, Canada

14

Calgary, Canada

15

US average

16

Dresden, Germany
Sao Paulo, Brazil

18
16

UK average

20-25

Goteborg, Sweden

26

Round Rock, USA

26

Tomsk, Russia

15-30

Amman, Jordan

30

Kharkiv, Ukraine

30

Sana’a , Yemen

30

Brushy Creek, USA

33

Calcutta, India

36

San Marcos, USA

37

St. Petersburg, Russia

30

Developing Countries

30-60

Lusaka, Zambia

45

Merida, Mexico

50

Lima, Peru

45-60

Cairo, Egypt

>60

Some Italian systems
>80
Modified from Garcia-Fresca, 2006.
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Figure 2. Relief map o f North Carolina visibly showing the natural topographic
boundaries o f the Appalachian, Piedmont and Coastal Plain physiographic provinces.

Im age fro m N ationalatlas.gov

Figure 3. Relief map o f Maine (part o f the New England Physiographic province). The
New England Province displays a wide variety o f topographic extremes from dissected
plateaus with narrow valleys to steep mountainous terrain.

Im age courtesy o f N ationalatlas.gov
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Figure 4.Satellite image o f the regulated Hackensack River in Oradell, NJ. Red arrow
dictates flow direction. The Oradell Reservoir and Dam create regulated conditions on
the Hackensack River.
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Im age courtesy o f Google M aps
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Figure 5. NCDC U.S. Climatological Division precipitation database used to create the
climatic Baseflow metric “BF/P”. White boundaries outline each o f the Climatological
divisions. The Climate Divisional Database is a historical, temporally and spatially
complete database from which to generate historical climate analyses (1895 - present) for
the United States.
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Figure 6. NCDC U.S. Climatological Division of New Jersey and adjacent states. New Jersey
contains three climatological divisions (Northern, Southern and Coastal).
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Figure 7. New Jersey average annual precipitation map (1961-1990). The average annual
precipitation for New Jersey is 45.33 inches. Northern New Jersey has slightly higher average
annual precipitation than Southern New Jersey and the Coastal Plain.

Im age courtesy o f Nationalatlas.gov
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Table 3. Summary o f baseflow analysis results. Significant results in bold ( P <0.01**
<0.05*)
RESU LTS

B Pop.

P <O.Ol**

B Pop.

P <0.01**

Density

<0.05*

Density

<0.05*

(Linear)

(Log-log)

BF metric
Appalachian (13)

-.044

0.581

0 .159

0 .0 12*

Coastal Plain (13)

-1.4 2 E -4

0.850

-0.072

0.177

New England (13)

0.024

0.008**

0 .11 2

0.006**

Piedmont (13)

0.001

0.848

TO TAL (52 Gages)

2.23E-4

0.813

0.023
0.033

0.097

Appalachian (13)

3.487E-4

0.216

0.002

0.844

Coastal Plain (13)

-1.1 4 7 E -5

0.009**

-0.052

9 .23E-8 **

New England (13)

-8 .2 2 9 E -5

O.OOl**

0.010

0.159

Piedmont (13)
TO TAL (52 Gages)

- Ì . 975 E -4

5.42E-20 **

-0.082

-2.24 E -5

2.34 E-8 **

-0.048

8 .1 6 E -1 9 **
8.04E-25 **

0.341

0 .10 7

0.014*

Coastal Plain (13)

- 4 -3E -4
-3.93E-6

0.382

-0.078

0.013*

New England (13)

4.564E-6

0.900

0.041

0 .14 1

Piedmont (13)

-5.60E-5

0.837

-.003

0.892

TO TAL (52 Gages)

-6.7O7E-6

0.834

-0.004

0.768

0-479

B F/TF metric

BF/P Metric
Appalachian (13)
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Figure 8. Appalachian Province: Population Density v BF/P metric (Log-Log). For a 1%
increase in population density there is a corresponding +. 107% increase in the percent o f
precipitation converted to baseflow. Each data point represents one year o f population
density and baseflow from the linear regression o f the fixed effects model.

Pop. density vs BF/P metric, Appalachian
(log-log)
0.0

........................................................................................................................

- 1.4 --------------------------------------------------------------------------------------------------------------------------------—
0

0.5

1

1.5

2

2.5

3

Log Population Density, km2

52

Figure 9. Population density range by physiographic province.

Population Density Range by
Physiographic Province

A Appalachian

O Coastal Plain

□ New England

x Piedmont

Figure 10. Coastal Plain Province: Population Density v BF/P metric (Log-Log). For a
1% increase in population density there is a corresponding 0.078% decrease in the
percent o f precipitation converted to baseflow. Each data point represents one year o f
population density and baseflow from the linear regression o f the fixed effects model.
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Table 4. Impact o f Urbanization Net Result (Coastal Plain and Appalachian Province)
Physiographic
province

Coastal Plain

Appalachian

Impact o f Urbanization

LARGER INFILTRATION
REDUCTIONS
Urban Recharge

Smaller infiltration reductions
Urban Recharge

Net Result

Decreased
baseflow

Increased
baseflow

55

